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Abstract: Two anionic surfactants (sodium lauryl sulfate – SDS and sodium 
dodecylbenzenesulfonate – SDBS) were treated with dielectric barrier dis-
charge. Loss of surfactant activity, decrease in chemical oxygen demand 
(COD) and total organic carbon (TOC) as well as lower toxicity of degradation 
products was determined. Effects of catalysts – hydrogen peroxide and iron 
(II), on the above mentioned parameters, were determined. Catalysts affected 
the degradation of SDBS, but in the case of SDS, catalysts had no effect on 
degradation. Both catalysts induced the decrease of COD and TOC values. 
Toxicity of the solutions after the plasma treatment was lower in all the 
systems tested. 
Keywords: plasma treatment; sodium lauryl sulfate; sodium dodecylbenzene-
sulfonate; homogenous; catalysis. 
INTRODUCTION 
Surfactants are a diverse group of chemicals designed to have cleaning or 
solubilization properties. They generally consist of a polar group (either charged 
or uncharged) and a nonpolar hydrocarbon chain. They are widely used in house-
hold detergents, personal care products, textile industry, paint formulations, poly-
mers, pesticide formulations, pharmaceuticals, mining (as flotation reagents), oil 
recovery and pulp and paper industries. After being used, surfactants are mainly 
discharged into the sewage treatment plants and subsequently dispersed in the 
environment through effluent discharge into surface waters and sludge disposal 
on lands. Surfactants are essentially non-toxic and harmless; however, recent stu-
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dies revealed that some of the synthetic surfactants and their degradation pro-
ducts could impose potential health and environmental risks. Environmental 
effects associated with the presence of synthetic surfactants in the aquatic envi-
ronment are considered a serious problem because these compounds are often 
toxic to aquatic vertebrates and invertebrates, have a potential to disrupt their 
hormonal systems and thus alter the ecosystem.1,2 
Sodium dodecylbenzenesulfonate (SDBS) and sodium lauryl sulfate (SDS) 
are anionic detergents (surfactants) used worldwide. Both compounds belong to 
the group of linear alkylbenzenesulfonates (LAS), synthetic anionic surfactants 
extensively used for more than 40 years. Commercially available products 
represent very complex mixtures containing homologues with alkyl chains rang-
ing from 10 to 14 carbon units (C10–C14 LAS). Since the phenyl group could be 
attached to any internal carbon atom of the alkyl chain, each homologue contains 
5–7 positional isomers. 
The removal efficiency of anionic surfactants from water in traditional 
wastewater treatment plant has been reviewed.3 Aerobic process is much more 
effective for anionic surfactants removal compared to the anaerobic process. In 
both processes, main problem is the concentration of anionic surfactants in the 
sewage sludge. In aerobically digested sludge, their concentration is found to be 
in the range of 100–500 mg kg-1 whereas anaerobically digested sludge contains 
an average of 1000–30000 mg kg-1 LAS dry wt. When sludge contains 40-60 mg 
kg-1 LAS dry wt., the surfactant can interfere with the reproduction and growth of 
the soil invertebrates and earthworms.4 
For this reason, many investigations are exploring the advanced oxidation 
processes for degradation of surfactants. Advanced oxidation processes (AOP) 
are defined as the processes that generate hydroxyl radicals in sufficient amount 
for oxidizing the majority of complex chemicals present in the effluent.5 Hyd-
roxyl radicals are powerful oxidizing reagents with an oxidation potential that 
exhibit faster rates of oxidation reactions compared to conventional oxidants like 
hydrogen peroxide or KMnO4. 
Surfactants were in focus of many investigations that use AOPs for their 
degradations.6,7 Some of them are ozonization, Fenton and Fenton-like processes, 
H2O2–UV and photocatalytic processes.8–15  
Plasma technology could be competitive towards AOPs. Plasma represents 
partially or fully ionized gas consisting of electrons, free radicals, ions and neut-
rals and it can be produced by a variety of electrical discharges. Non-thermal 
plasma does not express local thermodynamic equilibrium and therefore, offers 
high energy efficiency in plasma chemical reactions. Non-thermal plasma is 
obtained using less power (e.g., corona discharge, dielectric barrier discharge, 
gliding arc discharge, glow discharge and spark discharge), which is character-
ized by an energetic electron temperature much higher than that of the bulk-gas 
_________________________________________________________________________________________________________________________
(CC) 2016 SCS. All rights reserved.
Available on line at www.shd.org.rs/JSCS/
 DIELECTRIC BARRIER DISCHARGE DEGRADATION OF ANIONIC SURFACTANTS 1099 
molecules.16 In such a plasma, the energetic electrons can collide with back-
ground molecules (N2, O2, H2O, etc.), producing secondary electrons, photons, 
ions and radicals. Therefore, applications of the atmospheric pressure electrical 
plasma technologies for water treatment attract the increasing interest and emerge 
as technological opportunities.16,17  
In the presented research, the degradation of two anionic surfactants, SDS 
and SDBS was studied using advanced oxidation process (AOP) in a non-thermal 
plasma reactor based on coaxial dielectric barrier discharge with water falling 
film (DBD).  
EXPERIMENTAL 
Materials 
The surfactants, sodium lauryl sulfate and sodium dodecylbenzenesulfonate, were 
purchased from Sasol S.P.A (Italy) and used without further purification. Homogenous 
catalysts used in degradation reactions were hydrogen peroxide, H2O2, 30 % (Carlo Erba, 
Italy) and iron(II) sulfate heptahydrate (Merck, Germany). Artemia salina cysts were pur-
chased from Dajana Pet (Czech Republic). Synthetic seawater was made by dissolving 100 g 
of sea salt (Reef Salt, Aqua Medic, Germany) in 3 L of deionized water. All other chemicals 
used were of analytical grade. Each surfactant solution was prepared by dissolving the 
corresponding surfactant in deionized water (conductivity between 1.0 and 1.5 µS cm-1) at 
adequate amount to make 100.0 mg L-1 solution. 
Instrument 
Water falling DBD reactor used in this paper was a non-thermal plasma reactor operating 
at atmospheric pressure. Construction of the reactor was previously described.18,19 Surfactant 
solutions were pumped to the top of the reactor through the inner tube by the peristaltic pump 
at 210 ml min-1 flow rate. The system was powered by the high-voltage transformer connected 
to the frequency inverter which enables the sinusoidal variations of voltage with a frequency 
of up to 500 Hz. Frequency of the reactor was set at 300 Hz – the optimal value previously 
optimized. The discharge was generated in a gaseous phase, between the glass and water 
layer, by applying the 17 kV voltage. The plug-in energy density of ~45 kJ L-1 was introduced 
into the solution with a single pass through the reactor. Applied energy density was increased 
by recirculating the solution up to the point when applied energy density reached a value of 
450 kJ L-1, i.e., each solution was recirculated ten times. In each series of experiments, starting 
volume of the surfactant solution was 2 L. After each passing, 100 ml of solution was 
sampled. 
Methods of analysis 
Determination of surfactants was done by measuring the methylene blue index 
(MBAS).20 MBAS represents the spectrophotometric method for determination of anionic 
surfactants by measuring the methylene blue index in a water environment. The efficiency of 
degradation is defined as a percentage of absorbance decrease for surfactant derivatives 
according to Eq. (1): 
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where A0 presents the absorbance at the wavelength which shows the maximum absorption of 
surfactant derivative (λmax), while A presents the absorbance at λmax of the surfactant deri-
vatives after the plasma treatment. Spectrophotometric measurements were done by GBC 
Cintra 10 (GBC Scientific Equipment Pty Ltd., Australia) spectrometer with quartz cuvettes 
that have 1 cm long optical path, 5 min after the plasma treatment.  
Chemical oxygen demand was determined according to the standard procedure after the 
tenth pass through the DBD. Total organic carbon (TOC) analysis was done in accordance 
with method ISO 8245:2007.21 
For the toxicity screening test, the brine shrimp Artemia salina was used according to 
Vanhaecke and Persoone, and experiment was repeated three times.22 Complete procedure of 
the test was described in our previously published work.19 
RESULTS AND DISCUSSION 
In this paper, degradation of the two anionic surfactants, SDS and SDBS, 
using the reactor based on water falling film utilizing method of dielectric barrier 
discharge was studied. The goal of the experimental part of the paper was to 
determine the efficiency of the DBD reactor and effects of the homogenous cat-
alyst (Fe2+ and H2O2) on surfactant degradation, chemical oxygen demand (COD) 
and total organic carbon (TOC). After degradation process, sample toxicity was 
examined by Artemia salina test organisms.  
Efficiency of degradation 
Efficiency of degradation was monitored using MBAS test (λmax = 650 nm) 
for both surfactants. After each passing through the DBD reactor, small aliquots 
of solutions were extracted and tested for surfactant activity. As shown in Fig. 1, 
in both cases loss of surfactant activity could be observed. Both surfactants have 
similar trends in degradation and after ten passes and introduced energy of 450 kJ 
L–1 degradation efficiencies were around 90 %.  
Influence of homogenous catalysts 
Usage of homogenous catalysts in chemical and technological processes is a 
lot simpler and demands fewer steps than the heterogeneous catalysis. Hetero-
geneous catalysts have to be removed from the system after the catalytic cycle. 
Homogenous catalysis is easier to perform, especially for industrial wastewater 
treatments because catalysts need not be removed from the system afterwards. A 
necessary condition that all the homogenous catalysts used in those treatments 
have to meet is that they are not toxic. Some of them, like H2O2, decompose over 
time. Other catalysts, e.g., Fe2+, Fe3+ are Mn2+ are easily deposited by changing 
the redox conditions in water and by adjusting the pH value.  
Based on our previous investigation, we tested the influence of H2O2 and 
Fe2+ on degradation efficiency of SDS and SDBS in the DBD reactor.  
As shown in Fig. 2, both catalysts have an influence on the degradation of 
sodium dodecylbenzenesulfonate. Hydrogen peroxide had a greater impact on the 
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degradation efficiency than iron (II) as a catalyst. The increase was about 30 % 
for the first four passes, while other passes showed an increase of about 10 %. In 
the case of iron (II), increase was around 10 % for all the passes. For both cat-
alysts, final degradation (after ten passes through reactor) increased for approx-
imately 10 %. 
Fig. 1. Visible absorption spectrum of 
derivatized surfactants during degrad-
ation process: a) SDBS, b) SDS; (ini-
tial concentration of surfactants 100 
mg L-1, pH value native, 24 h after the 
plasma treatment, without homogenous 
catalysts). 
Increased efficiency of degradation in systems that contain H2O2 could be 
explained based on peroxone process, where in the reaction of ozone and hyd-
rogen peroxide hydroxyl radical was generated Eq. (2):23  
 H2O2 + 2O3 → 2•OH + 3O2 (2)  
During discharge, UV light was generated, so another way of hydroxyl rad-
ical generation is decomposition of hydrogen peroxide under UV radiation, Eq. 
(3): 
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 H2O2 + hν → 2•OH (3) 
The hydroxyl radical is a strong oxidant species that could attack aromatic 
ring and/or aliphatic part of a molecule. 
Fig.2. Degradation efficiency of 
anionic surfactants in the DBD reactor 
and the influence of homogenous cat-
alysts at degradation efficiency: a) SDS 
and b) SDBS. 
Increased efficiency of degradation in the systems that contain Fe2+ could be 
explained by Fenton’s reaction and reaction of Fe2+ with ozone. It is well known 
that DBD reactor produces H2O2 based on Eq. (4) and Eq. (5):24 
 2H2O + e– → H2O2 + H2 + e– (4) 
 O3 + hν + H2O → H2O2 + O2  (5) 
Adding Fe2+ into the solution to be treated in DBD reactor increases the 
oxidation power by triggering the reaction with generated H2O2. The reaction 
between Fe2+ and H2O2 is known as Fenton’s reaction that generates •OH based 
on Eq. (6): 
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 Fe2+ + H2O2 → Fe3+ + •OH + OH– (6) 
Another way of the hydroxyl radical formation is through the reaction of 
ozone with Fe2+ based on Eq. (7) and Eq. (8):25 
 Fe2+ + O3 → FeO2+ + O2  (7) 
 FeO2+ + H2O → Fe3+ + HO• + OH– (8) 
In the case of sodium lauryl sulfate, catalysts had no effect on surfactant 
degradation. This is to the contrary of the previous results for ozonization of SDS 
where adding hydrogen peroxide influenced SDS degradation.26 However, the 
most significant difference between those results and our work is pH. After first 
passing through the DBD reactor, pH decreased from starting pH 7 to 3.5 in the 
case of SDS. After five passages, pH decreased to 2.6. Similar results were 
obtained in the case of catalyzed reaction. At pH 2.6, SDS underwent fast hydro-
lysis to sulfuric acid and dodecanol.27 Conditions during plasma treatment (local 
high concentration of hydrogen ion and local increase of temperature) could sig-
nificantly increase hydrolysis of SDS at higher pH. 
Chemical oxygen demand 
The COD value of initial solutions (0 kJ L-1) for the two surfactants and the 
solutions after the plasma treatment (450 kJ L-1) was determined. Values of COD 
are presented in Fig. 3. In the case of SDS, we obtained a higher degree of COD 
removal using DBD treatment. This can be explained by the fact that higher 
alcohols have higher values of reaction rate constant than DBS.28 Catalyst inf-
luenced COD removal and better results were obtained using hydrogen peroxide 
as catalyst. In the case of SDS, we obtained 38 % of COD removal. Better results 
in COD removal for SDS than SDBS, could also be explained by the resistance 
of aromatic nuclei to oxidation. 
Fig. 3. Mineralization efficiency of 
plasma treated solutions presented as 
percentage decrease of COD value 
compared to the solutions that did 
not undergo plasma treatment. 
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Total organic carbon 
Total organic carbon represents the amount of organic carbon present in the 
sample. It is often used as an indicator of water quality and it is a non-specific 
parameter, i.e., it cannot be used for identification of organic substances present, 
but only for a determination of their amount. Results obtained for two samples of 
surfactants, shown in Fig. 4, before and after the plasma treatment showed the 
decrease of TOC value for all the systems tested. Better mineralization of SDS is 
achieved for the system where Fe2+ was used as a homogenous catalyst. That 
could be explained by the fact that iron as a catalyst favored degradation of 
oxalic acid (intermediate in alcohol oxidation).29 The iron has low influence on 
mineralization of DBS. On the other hand, hydrogen peroxide has greater inf-
luence on DBS mineralization. In the case of hydrogen peroxide, dominant 
mechanism of degradation is through hydroxyl radical that has no influence on 
oxalic acid mineralization.30 
Fig. 4. Mineralization efficiency of 
plasma treated solutions presented as 
percentage decrease of TOC value 
compared to the solutions that did 
not undergo plasma treatment. 
Toxicity tests 
Toxicity of anionic surfactants, SDS and SDBS, was tested using Artemia 
salina organism and given as a percentage value of Artemia salina mortality (Fig. 
5). As observed in Fig. 5, the toxicity of the plasma treated samples significantly 
decreased for all the systems tested. According to the literature, the value of LC50 
for SDS in the case of A. salina was 41.04 (35.9–49.6) mg L–1 and for SDBS the 
LC50 value was 40.4 (38.7–48.5) mg L–1.31 The toxicity effect (%) of the initial 
solutions for both surfactants, samples diluted (1:1), was higher in comparison to 
the treated solutions of SDS and SDBS in all the systems (DBD, DBD + Fe2+ and 
DBD + H2O2). Treated solution of SDBS in the non-catalytic DBD system, as 
well as the catalytic DBD + Fe2+ system, generated a negative effect in the range 
of test validity criteria (≤10 %). The system with hydrogen peroxide as a catalyst 
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(DBD + H2O2) had slightly higher toxicity effect, however the mortality was 
under 20 % (Fig. 5a). In the case of SDS, solution treated in the non-catalytic 
DBD system and the catalytic DBD + Fe2+ system, induced lower toxicity in 
comparison to the catalytic system with hydrogen peroxide (DBD + H2O2) (Fig. 
5b). Therefore, the most efficient reduction in mortality was achieved in the sys-
tem where Fe2+ was used as a catalyst (DBD + Fe2+). 
Fig. 5. Toxicity of surfactant solutions 
before and after the plasma treatment 
(number of replications: 3): a) SDBS 
and b) SDS. 
CONCLUSION 
The efficiency of degradation of the two anionic surfactants, sodium lauryl 
sulfate and sodium dodecylbenzenesulfonate, in the non-thermal coaxial plasma 
reactor with coaxial water falling film was studied. Influence of homogenous cat-
alysts, H2O2 and Fe2+, on the degradation efficiency was investigated. Based on 
the results, presence of catalyst affected the degradation of SDBS. In the case of 
SDS, catalyst had no effect on degradation. However, in both cases catalyst 
affected COD and TOC decrease. Hydrogen peroxide showed better results in 
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COD decrease for the treatment of both surfactants, while iron salts performed 
better in TOC decrease after the SDS treatment. Toxicology tests, done with Art-
emia salina test organisms, showed that the toxicity of solution decreased after 
the plasma treatment in all the systems tested. 
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И З В О Д  
РАЗГРАДЊА АНЈОНСКИХ ПОВРШИНСКИ АКТИВНИХ СУПСТАНЦИ ПОМОЋУ 
РЕАКТОРА НА БАЗИ ДИЕЛЕКТРИЧНОГ БАРИЈЕРНОГ ПРАЖЊЕЊА 
MUNERA MUSTAFA AONYAS1, БИЉАНА П. ДОЈЧИНОВИЋ2, СЛОБОДАН Д. ДОЛИЋ1, БРАТИСЛАВ М. 
ОБРАДОВИЋ3, ДРАГАН Д. МАНОЈЛОВИЋ1, МАРИЈАНА М. МАРКОВИЋ2 и ГОРАН М. РОГЛИЋ1 
1Хемијски факултет, Универзитет у Београду, 11000 Београд, 2Универзитет у Београду, Центар за 
Хемију, Институт за хемију, технологију и металургију, Његошева 12, 11000 Београд и 3Физички 
факултет, Универзитет у Београду, 11000 Београд 
Раствори два анјонска сурфактанта (натријум-лаурилсулфат – SDS и натријум- 
-додецилбензенсулфонат – SDBS) третирани су у реактору који се базира на диелек-
тричном баријерном пражњењу. Испитани су губитак активности сурфактаната, сма-
њење вредности хемијске потрошње кисеоника и укупног органског угљеника. Испитан 
је и ефекат катализатора – водоник-пероксида и гвожђа(II), на ефикасност деградације 
и поменуте параметре. Катализатори утичу на деградацију натријум-додецилбен-
зенсулфоната, док на деградацију натријум-лаурилсулфата немају утицај. Међутим, оба 
катализатора утичу на смањење вредности укупног органског угљеника и хемијске по-
трошње кисеоника. Токсичност раствора после третмана плазмом је нижа у испитаним 
системима. 
(Примљено 3. мартa, ревидирано 20. маја, прихваћено 23. маја 2016) 
REFERENCES 
1. G.G. Ying, Environ. Int. 32 (2006) 417 
2. T. Ivanković, J. Hrenović  Arh. Hig. Rada Toksikol. 61 (2010) 95 
3. K. Jardak,  P. Drogui, R. Daghrir Environ. Sci. Pollut. Res. 23 (2016) 3196 
4.  D.C. McAvoy, S. Dyer, N.J. Fendiger, W.S. Eckhoff, D.L. Lawrence, W.M. Begley, 
Environ. Toxicol. Chem. 17 (1998) 1705 
5. M. A. Oturan, J-J. Aaron, Crit. Rev. Env. Sci. Technol. 44 (2014) 2577 
6. K. Ikehata, M. G. El-Din, Ozone Sci. Eng. 26 (2004) 327 
7. S. Chitra, K. Paramasivan, A.G. Shanmugamani, S.V.S. Rao, P. Biplob, J. Chem. Eng. 
Chem. Res. 1 (2014) 163 
8. F. J. Beltrán,, J. F. García-Araya, P. M. Álvarez, Ind. Eng. Chem. Res. 39 (2000) 2221 
9. J. Méndez-Díaz, M. Sánchez-Polo, J. Rivera-Utrill, S. Canonica, U. von Gunten, Chem. 
Eng. J. 163 (2010) 300 
10. A. Cuzzola, M. Bernini, P. Salvadori, Appl. Catal., B 36 (2002) 231 
11. A. M. Amat, A. Arques, M. A. Miranda, S. Segu, Sol. Energ. 77 (2004) 559 
12. E. R. Bandala, M. A. Pelaez, M. J. Salgado, L. Torres, J. Hazard. Mater. 151 (2008) 578 
13. T. O. Hanci, I. A. Alaton, G. Basar, J. Hazard. Mater. 185 (2011) 193 
14. W. Nam, K. Woo, G. Y. Han, J. Ind. Eng. Chem. 15 (2009) 348 
_________________________________________________________________________________________________________________________
(CC) 2016 SCS. All rights reserved.
Available on line at www.shd.org.rs/JSCS/
 DIELECTRIC BARRIER DISCHARGE DEGRADATION OF ANIONIC SURFACTANTS 1107 
15. T. Zhang, T. Oyama, S. Horikoshi, J. Zhao, N. Serpone, H. Hidaka, Appl. Catal., B 42 
(2003) 13 
16. B. Jiang, J. Zheng, S. Qiu, M. Wu, Q. Zhang, Z. Yan, Q. Xue, Chem. Eng. J. 236 (2014) 
348 
17. M. H. Valseroa, R. Molina, A. Montràs, M. Müller, J. M. Bayona, Environ. Technol. Rev. 
3 (2014) 71 
18. B. P. Dojčinović, G. M. Roglić, B. M. Obradović, M. M. Kuraica, M. M. Kostić, J. Nešić, 
D. D. Manojlović, J. Hazard. Mater. 192 (2011) 763 
19. M. Jović, D. Manojlović, D. Stanković, B. Dojčinović, B. Obradović, U. Gašić, G. 
Roglić, J. Hazard. Mater. 260 (2013) 1092 
20. ISO 7875-1:1996, Water quality — Determination of surfactants — Part 1: Deter-
mination of anionic surfactants by measurement of the methylene blue index (MBAS) 
21. ISO 8245:2007 Water Quality – Guidelines for the Determination of Total Organic Car-
bon (TOC) and Dissolved Organic Carbon (DOC) 
22. P. Vanhaecke, G. Persoone, C. Claus, P. Sorgeloos, Ecotoxicol. Environ. Saf. 5 (1981) 
382 
23. A. Fischbacher, J. von Sonntag, C. von Sonntag, T. C. Schmidt, Environ. Sci. Technol. 47 
(2013) 9959 
24. B. R Locke, K.Y. Shih, Plasma Sources Sci. Technol. 20 (2011) 034006 
25. E. Piera, J.C. Calpe, E. Brillas, X. Domènech, J. Peral, Appl. Catal., B 27 (2000) 169 
26. A. M. Amat, A. Arques, M. A. Miranda, R. Vincente, S. Seguí, Environ. Eng. Sci. 24 
(2007) 790 
27. M. Nakagaki, S. Yokoyama, J. Pharm. Sci. 74 (1985) 1047 
28. J. Hoigne, H. Bader, Water Res. 17 (1983) 173 
29. F. J. Beltran, F. J. Rivas, R. M. Espinosa, Water Res. 39 (2005) 3553 
30. J. Kornev, N. Yavorovsky, S. Preis, M. Khaskelberg, U. Isaev, Ozone Sci. Eng. 28 (2006) 
207 
31. E. L. Bizukojc, K. Miksch, A. M. Jutsz, J. Kalka, Chemosphere 58 (2005) 1249. 
_________________________________________________________________________________________________________________________
(CC) 2016 SCS. All rights reserved.
Available on line at www.shd.org.rs/JSCS/
